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Abstract

This work modeling the collection efficiency of an ESP numerical model based on industrial plant development. Under high dust
loads, one power supply controlled the voltages on the two separation zones. The separation efficiency is different depending on the
diameter of the dust particles, so the two zones receive dust particles with various distributions, and the electrical characteristics are
not the same. In this article, we show the change in the efficiency of separation when the two zones are controlled at different voltages

by power supplies.
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1 Introduction

Air pollution is becoming a significant problem in more
and more places worldwide, as rapid economic develop-
ment has drastically increased pollutant emissions [1, 2].
Power plants and large industrial plants with high environ-
mental impact are now unthinkable without some technol-
ogy to keep emissions below limits [3, 4]. Although fewer
coal-fired power plants are being built as renewables and
other clean energy sources become more widespread,
emerging issues make it critical to limit the amount of air
pollution (e.g., increased urban pollution) [5].

Electrostatic precipitators (ESPs) are used in many parts
of the world, helping to protect our environment from high
dust loads. In addition to relatively high installation costs,
it has several advantages, including a collection efficiency
of almost 100%, the ability to perform well under high
dust loads, and a wide operating temperature range [6, 7].
However, it is essential to note that an ESP can only per-
form well with the proper settings. Active research is
being carried out into different electrode arrangements or
changes in supply voltage, temperature or e.g., air velocity
differences [6—10].

For multi-zone ESP-s, it is essential to consider the char-
acteristics of the dust entering the zones. Generally, larger
particles in a dust stream will be collected by the incoming
air in the first part of the zone. The collection is facilitated

by the turbulent flow and the fact that the charged parti-
cles when they get close to the collecting electrode, move
toward the ground electrode under the influence of elec-
trostatic forces. The challenge is more significant for
small (0.5-2 pum) particles because, given a unit mass of
dust (or dust particles), they can accumulate more charge
in specific due to their larger specific surface area, thus
forming a dust space charge region. It is noted here that
the collection efficiency of particles in the nm range can be
increased by implementing AC corona or dielectric-barrier
discharge [11]. The charging mechanism is different, with
diffusion charging instead of electric field charging; thus,
some nanometers to 100 pm particles are not usually sepa-
rated simultaneously with high efficiency [12, 13].

The effect of space charge is to reduce the intensity of the
corona discharges [14], so the number of electrons charging
the particles is less, forming charged and uncharged dust
blocks. At the same time, the breakdown voltage also var-
ies from case to case since the occurrence of the break-
down voltage is highly dependent on the intensity of the
initial partial discharges. In the case of multi-zone ESPs,
the two phenomena are present simultaneously, which
makes this a significant challenge.

A typical design is to have a single power supply for
a single piece of equipment (also an actual situation where
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multistage ESPs are built to collect the different dust par-
ticles). The main disadvantage of a single power supply
solution is that the zone with the lower breakdown voltage
will always limit the zone with the higher breakdown volt-
age. In other words, the second zone is inefficient.

When setting up new equipment, reasonable solutions
can still be found by designing the geometry dimensions,
but there are few better effective methods for upgrading
existing equipment. Improvements in collection efficiency
can also be achieved by using pre-filters, pre-chargers,
steam recirculation, or by varying the pressure or tem-
perature, but in these cases, it is necessary to modify the
technology itself [15-17].

Our article and investigations were motivated by the
challenges of refurbishing an existing ESP in an industrial
plant where a single power supply supplied two zones.
In the processed paper, a 3 m long dust collector with
a street layout was simulated; the dust particle charging
process and collection efficiency were investigated for one
and two independent voltage feeds.

2 Numerical model

2.1 Model structure

The street layout of the ESP, the electric field, and the flow
field are symmetrical in relation to the plane containing
the corona electrodes parallel to the flow and located on
the center line of the streets. Assume a single half-street
layout in the model, which several authors use as a sim-
plification [18, 19]. In this case, the symmetry allows the
computation to be extended to an entire street and then to
approximately the entire ESP while reducing the required
computational power to a fraction. The model is designed
according to a modular system, consisting of two main mod-
ules that apply the donor cell method. The first calculates
the electric field based on the supply voltage and the space
charge (Egs. (1)—(7)), while the second calculates the flow
field (Egs. (8) and (9)) and the trajectory of the particles:
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where the first term in the equation represents the effect
of the space charge, the second term describes the effect
the third term
describes the value of the potential from dipole moment

of the surface charges on the surface 4,

v on the surface 4.,. p, represents the sum of the ion and

particle charge densities, p, the surface charge at the
corona and collecting electrode, the third part of Eq. (1)
can be negligible in the case of ESPs:
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where E is the electric field, ¢ is the potential, p, and p,
are the ion and dust space charge, 4, is the ion mobility, J is
the ionic current, D is the displacement, ¢ is the relative
permittivity of dust particles.
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In Egs. (8) and (9) v_and v, are the velocity components
of the gas flow, v, is the kinematic viscosity, Sc, is the tur-
bulent Schmidt number, Wik is the theoretical drift veloc-
ity, c is the dust concentratidn, L is the dynamic viscosity,
Cu is the Cunningham correction factor, o, and dp is the
saturation charge and diameter of a spherical particle.
Further information can be found in the literature [20].
The final output of the model determines the electric field
distribution, the flow velocity distribution, the corona
currents (corona discharge intensity), and the total dust and
fractions concentration.

2.2 Point-plate arrangement and cylindrical symmetry
The symmetry can distinguish two cases within a half
street of ESP. Laboratory measurements and industrial
installations usually use point-plate arrangement. In terms
of the potential distribution created by point-plate arrange-
ment in the numerical model is adequate, but the calcula-
tion of the corona currents is worth considering.

The theory behind the phenomenon is that the high-volt-
age electrode is surrounded by a corona region of a given
radius in which the number of charge carriers increases.
Leaving the range, the electrons slow down and drift along
the electric field strengths towards the collecting electrode.



In model calculations, Peek's law is commonly used,
i.e., the critical field strength required to initiate a dis-
charge is determined, which assumes a smooth, cylindri-
cal electrical field. The grounded electrodes had a cylinder
of radius R , then the supply voltage U (critical as corona
onset voltage) required to create the corona discharge
could be expressed as in Eq. (13). Using U_, the current /
flowing out of the unit length of the corona electrode under
voltage U > U, can be calculated. However, in a street
arrangement, the £ field is not cylindrical, so instead of
the radius (distance) of the grounded electrode, a modi-
fied equivalent radius is used, the value of which depends
on the ratio of the width to the length of the half-street;
by Moore is used [21, 22]. Thus, in effect, the calculation
of the corona current is more accurate.

In addition, the voltage-current characteristic should be
transposed to the electric field — current density character-
istic, using Egs. (10)—(14):
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where [ is the current, J is the current density, 4 is the
surface, [ is the length of the corona electrode, E is the
electric field strength, £ is the critical (initiating a dis-
charge) electric field strength, R, is the radius of corona
electrode, R the equivalent outer radius in cylindrical
geometry and W is the width of half street in the point-
plate arrangement. The values of £ and K was given from
an approximation of measured characteristics.

2.3 Comparison of collection efficiency using one and
two independent power supplies
In the model, the following parameter were set:
* 0.00155 [m]: radius of corona electrode;
* 3 [m]: street length of the model;
* 0.15 [m]: height of the street in the model;
* 9: number of corona electrode;
* 30 [cm]: distance between two corona electrodes;
* 1 [m/s]: inlet gas speed;
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* 100000 [Pa]: pressure of gas;

* 25 [°C]: temperature;

¢ 0.000218 [m?/Vs]: ion mobility;

* 1500 [kg/m?]: specific dust mass density;
» 2:relative permittivity;

* 10 [um]: diameter of dust fraction '1";

* 10 [mg/m?]: mass density of fraction '1';

e 5 [um]: diameter of dust fraction '2";

* 1 [mg/m?®]: mass density of fraction '2".

Each simulation had computed with two dust fractions,
alarger (10 pm) and a smaller (5 um) one. The ion mobility
was set based on the values used in calculations from the
literature [23, 24].

2.3.1 ESP model using one power supply
The single supply voltage examination of the model
describes the industrial case where the same power sup-
ply controls two zones of the separation chamber. For the
model, the maximum supply voltage was 45 kV. The pro-
cess of dust collection can be observed in Fig. 1.

Fig. 1 shows the rows from top to bottom:

» Potential distribution in a half-street arrangement;

* Flow-field distribution;

* Dust mass density in summarization;

* Dust mass density with fraction 'l' (considering only

10 pm particles);
* Dust mass density with fraction '2';

At half of all coronal electrode distances a region with
low electric field are present, so an empty band is observed
at the boundary, representing the transition band under
boundary conditions.
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Fig. 1 Separation processes using one power supply
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From the rows of Fig. 1, it can be roughly traced that most
(not all) of the 10-micron particles precipitate, while a signif-
icant proportion of the 5-micron particles do not. Of course,
the third row in Fig. 1, which presents the dust mass den-
sity in summarization, shows a distortion, as most of the
total amount of dust will be in the 10-micron range, so the
color scale is less likely to show significant exudation of the
S-micron particles due to the relative proportions. (In the fig-
ure it can also be observed some words in small letters; the
info there can be found in parameter settings in Section 2.3.)

2.3.2 ESP model using two independent power supplies
The two-power supply case represents a real-life situation
where several zones of a dust collection chamber are sep-
arately controlled. In this case, the zone with the higher
breakdown voltage will not be limited by the maximum
allowable voltage of the zone from the lower side.

Since the distribution of field strength and dust charge
also varies due to the different dust compositions, the model
created in this way is more accurate than previous
models [25-27].

The parameter set-up of the new case in the model is
the same as the previous one, expect the change of corona
electrodes' operational voltage. The corona electrode volt-
age is 45 kV for the first five and 63 kV for the last four.
The result can be seen in Fig. 2.

Fig. 2 shows a higher density of potential lines in the
second half of the zone, resulting in a more intense separa-
tion. A change in the curve of the deposition process can be
observed in rows 35, as the slope has become steeper. Some
of the dust particles have now also reached the end of the
street (in real cases, exhaust chimney), but to a lesser extent.
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Fig. 2 Separation processes using two power supplies

2.3.3 Differences in efficiency

The model saves the actual efficiency of collection at each
distance point every 4.3 cm along the 'x' axis, calculated
from the ratio of the incoming dust volume to the propor-
tion of dust particles reaching the 'y' = 0 boundary plane.
The efficiency of the single and dual feed examination is
shown in Figs. 3 and 4.

The saved values of the model show that the collection
efficiency reaches 80% in the one-power case, which is a low
value for ESPs. For smaller fractions the collection effi-
ciency is 50%. The SUM value is shifted to around 80% due
to the higher mass of the 10-micron particles, but it should
be remembered that the range of particles that are harmful to
health mainly includes particles of a few microns and below.

In the case of two feeds, the separation improves to
almost 90%, with smaller particles separating at 57%.
The flattening of the curves is due to the saturation of the
dust particles and the appearance of dust space charge.
Since there is a transition band at the interfaces, the mod-
eled ESP can produce a few % improvements compared to

Collection efficiency at each point of the
separation chamber

n efficiency [%]
oo oo
O N 00 W =

o
[

~—8— 10 microns

(o]
o
>

—&—5 microns

~—o—overall dust

Separati
o O o
[ v

o |

0 05 1 15 2 25 3
Distance from ESP's model inlet point [m]

Fig. 3 Efficiency of collection per unit saved in the numerical model —

using one power supply
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Fig. 4 Efficiency of collection per unit saved in the numerical model —
using two power supplies



the real case. The exact separation efficiency in these two
cases can be seen in Table 1.

Separate zone control has improved the efficiency of
particle collection for all fractions. Collection efficiency
improved by 15.1% for larger particles, 7.4% for smaller
particles and 14.4% for total dust.

Table 1 Collection efficiency of dust's fraction in different supply modes

Sep.Eff. Sep.Eff. Sep.Eff.
Supply mode SUM [%] 10 pm [%] 5 pum [%]
1 735 75.9 495
2 87.9 91.0 57.1
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